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Thermal and chemical effects in 
shear and compaction bands
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2Weakening mechanisms and deformation bands in 
Geomechanics
Chemically induced compaction bands
Chemically induced fault instabilities
Conclusions
OUTLINE
3Plasticity and strain localization
Rudnicki & Rice, 1975
Issen & Rudnicki,  2000
Du Bernard et al., 2002
4- Mechanical degradation of the rock properties (microcracking, 
grain crushing and grain size reduction…), (e.g. Das et al., 2011). 
- Thermal pressurization of the pore fluid (e.g. Rice, 2006, Ghabezloo & 
Sulem, 2009)
- Chemical reactions such as dissolution/ precipitation, mineral 
transformation at high temperature (dehydration of minerals, 
decomposition of carbonates, …) (e.g. Castellanza & Nova, 2004, Hu & 
Hueckel, 2007, Sulem & Famin, 2009, Sin & Santamarina, 2010, Brantut & 
Sulem 2012). 
Multiphysics weakening mechanisms
5CHEMICAL DISSOLUTION AND 
COMPACTION BANDS
Strong coupling between chemical
weakening and dissolution kinetics
Stefanou & Sulem, 2014, J. Geoph. Res.
Distinction of scales
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Macro-scale / Elementary 
volume (REV)
- Constitutive equations
- Momentum balance
- Mass balance 
Micro-scale / Single grain
- Reaction kinetics of 
dissolution
- Grain crushing
2 2
2
1
eq
w S wk
t e w
∗
 ∂
= − ∂  
7
2w
is the mass fraction of the dissolution 
product in the fluid
is a reaction rate coefficient
is the void ratio
is the specific area of a single grain of 
diameter D
k ∗
e
1S
D
∝
Reaction kinetics (micro-scale)
e.g. dissolution of quartz
or carbonate
( ) ( ) ( )3 1 2solid +solvent solution⇌
2 2 4 4SiO (solid)+2H O(liquid) H SiO (aqueous solution)⇌
( )3 2 3 3 2CaCO (solid)+H CO (aqueous solution) Ca HCO (aqueous solution)⇌
Hu & Hueckel, 2007
Evolution of the effective grain size
Grain crushing (micro-scale)
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Lade et al. J. (1996), J. Geotech. Engrg.
a is a material constant which describes grain crushability
ET is the total energy density given to the system
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Constitutive behavior (macro-scale)
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Modified Cam-Clay plasticity model
Non local chemical softening
characteristic length
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The chemical softening parameter
is the ratio of the current solid
mass over its initial value
Linear stability analysis of oedometric compaction
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s is the growth coefficient of the perturbation (Lyapunov exponent)
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Numerical example : Compaction banding in a reservoir
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Elastic constants Physical properties
Chemical parameters
Cam clay yield surface
Carbonate grainstone
Initial stress
state at 1.8km 
(oedometric)
Grain crushing parameter:
3 2 110 m shyc
− −
=5GPaK =
0.25n =
0MPaRp′ ≈
0.9M =
45MPanσ ≃
0.5 MPaa =
6 1 210 mols mk − − −
−
′ =
18MPafp ≃
5GPaG =
0 30MPap′ =
50
0 0.2mmD =
Linear Stability Analysis & zones of instability
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Tendency for grain crushing
Instability region
Instability region
becomes larger
1
a
↑
3
2
= = −µ β
13
Wave length selection
14
Wave length selection – influence of grain crushing and 
dissolution rate
a
Tendency for grain crushing
1
a
↑
Numerical integration under open flow 
conditions @ 1.8km depth
q,p’ are normalized with σv
σV=const.
200mm
modeling window
(oedometric conditions)
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THCM COUPLINGS AND STABILITY OF FAULT 
ZONES
Seismic event : Unstable slip along a pre-existing
mature fault (stick-slip instability)
stable unstable δ
τ
Conceptual model of a spring slider
system
Fault zone embedded in an 
elastic crustal block
Key factor for the 
nucleation of seismic
slip : Softening of the 
shear resistance of the 
fault zone
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Thermally induced weakening mechanisms
Frictional heating and thermal pressurization of pore fluids
(Lachenbruch, 1980, Vardoulakis, 2002, Sulem et al. 2005, Rice 2006, Ghabezloo
& Sulem, 2009).
Thermal decomposition of minerals
- Dehydration of clay minerals (Brantut et al., JGR, 2008, 2011)
- Decomposition of carbonates (Sulem & Famin, JGR, 2009)
Source of fluid pressure at high temperature
Limit of the coseismic temperature increase (endothermic reactions)
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Sulem & Famin, 2009, JGR
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STRENGTH
Deep earthquakes triggered by metamorphic
reactions
Metamorphic dehydration reactions may produce weaker products
example: dehydration of lizardite (serpentinite)
Ultra-fine grained olivine weaker than the 
serpentinite agregates
Earthquakes below the brittle-
ductile transition of the crust may be
triggered by metamorphic reactions
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Chemically weakening and slip instability
Brantut & Sulem, (2012), J. Appl. Mech.
Reaction rate:
Heat
diffusion
Frictional
heat
Heat consumed in the 
chemical reaction
Energy balance
(1 )exp aEA
t RT
ξ ξ∂  = − − ∂  
Constitutive model: 
(rate hardening/reaction weakening)
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Mass balance: 
Thermal 
pressurization
Fluid 
diffusion
Fluid 
production
Inelastic
porosity change
Energy balance: 
Effect of lizardite dehydration @ 30km depth along subduction zones
Short lived slip instability (depletion of the reactant)
Nucleation of transcient slip events, ‘slow’ earthquakes
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CONCLUSIONS
1. Importance of deformation bands in Earth’s crust (faults, compaction 
bands) for the control of fluids migration and seismic activity
2. Coupled multiphysics weakening mechanims can trigger strain
localization (e.g. dissolution, thermal pressurization, mineral
decomposition, …)
3. Instabilities can be triggered by positive feedback of chemical
softening and accelation of the chemical reaction rate
4. Mineral decomposition can be responsible for the nucleation of deep
earthquakes in the ductile part of the Earth’s crust
